In general, the biodegradation of a toxic compound by a micro-organism requires the concurrence of, at least, two features in the biological system: first, the capability of the micro-organism to metabolize the toxic compound, and secondly, the capacity to resist its toxic effect. Pseudomonas pseudoalcaligenes CECT5344 is a bacterium used in the biodegradation of cyanide because it is capable to use it as a nitrogen source. The present review is mainly focused on the putative role of iron-containing enzymes of the tricarboxylic acid cycle in cyanide resistance by P. pseudoalcaligenes CECT5344.
Introduction
The chemical contaminants of the environment can be classified into natural and xenobiotic compounds. Xenobiotic compounds, such as the PCBs (polychlorinated biphenyls), are usually highly recalcitrant to the biodegradation because, among other reasons, in some instances, they are misrouted into compounds that are even more toxic than the originals [1] . In contrast, natural compounds can be regarded as 'easily' assimilable because they have co-evolved with the natural microflora into the actual biogeochemical cycles. This is probably the reason that contamination of the environment by natural compounds usually cause less concern in society. This is not always the case, and some natural compounds can cause severe ecotoxicological problems when they are released in large amounts at a single point due to anthropogenic activities. This was, for example, the case of the disaster caused in Baia Mare due to a cyanide spill [2] . Cyanide is a natural compound produced by a range of organisms, including bacteria [3] and insects [4] , but mainly higher plants [5] . The fact that cyanide was probably an essential constituent of the prebiotic primitive Earth [6, 7] no doubt adds interest to the study of cyanide metabolism. Many micro-organisms have been described with the capacity to tolerate and even assimilate cyanide, thus opening the possibility of the biotechnological elimination of cyanide from contaminated sites using micro-organisms as opposed to the physicochemical treatment of the residues [8, 9] . Pseudomonas pseudoalcaligenes CECT5344 is a bacterium Key words: aconitase, biodegradation, cyanide, fumarase, malate-quinone oxidoreductase, Pseudomonas pseudoalcaligenes. Abbreviations used: c-Acn, cytoplasmic aconitase; IRE, iron-responsive element; IRP, ironregulatory protein; LB, Luria-Bertani; m-Acn, mitochondrial aconitase; Mqo, malate-quinone oxidoreductase; UTR, untranslated region. 1 To whom correspondence should be addressed (email rblasco@unex.es) that was isolated by enrichment cultivation for its capacity to assimilate cyanide under alkaline conditions, thus avoiding cyanhydric acid volatilization [10] . As far as we know, this was the first bacterium described as being able to use cyanide as nitrogen source under alkaline conditions, and its applicability in the elimination of cyanide in a batch reactor has been demonstrated recently [11] .
Cyanide metabolism by P. pseudoalcaligenes CECT5344
The assimilation of cyanide requires at least two features: first, a metabolic pathway transforming cyanide into a central metabolic nitrogen source, i.e. ammonium, and secondly, a mechanism(s) to avoid the toxic effect(s) of cyanide. A proteomic analysis revealed that cyanide shock induces proteins related to iron acquisition, regulation of nitrogen assimilation pathways and oxidative stress protection [12] . The regulation of the nitrogen-assimilation pathway was inferred from the induction of PII-2 protein by cyanide. Since PII-2 (GlnK) is induced only under nitrogen-deprivation conditions, this result implies that cyanide is not a readily usable nitrogen source by P. pseudoalcaligenes CECT5344 [12] . On the other hand, iron acquisition and oxidative stress are related processes that can be grouped as resistance mechanisms. Since the main target of cyanide is the cytochrome oxidase of the respiratory chain, the induction of cyanide-insensitive terminal oxidases was revealed as a cyanide-resistance mechanism in Achromobacter almost 50 years ago [13] . Nevertheless, the high affinity for oxygen of cio (also called cytochrome bd oxidase) and its expression under micro-oxic conditions has focused the role of this oxidase in the growth under microaerobic conditions, the protection from oxygen of labile enzymes (for example, nitrogenase) and the virulence of some pathogenic strains [14, 15] . The cio cluster has been unambiguously correlated with cyanide metabolism in P. pseudoalcaligenes CECT5344, although the absence of haem d in the membranes of cyanidegrown cells could not be detected by difference spectra [16] . This is the reason we prefer to use the term cio instead of cytochrome bd oxidase for this terminal oxidase.
Cyanide degradation by P. pseudoalcaligenes CECT5344 involves a Mqo (malate-quinone oxidoreductase) in association with the cyanide-insensitive electron-transfer chain [17] . The Mqo activity catalyses the direct transfer of electrons from malate to the electron-transport chain, thus providing oxaloacetate. Oxaloacetate reacts with cyanide, generating the corresponding cyanohydrin that can be assimilated by the bacterium [17] . In this context, cyanide resistance and assimilation seems to be linked through the formation of keto acids. The Mqo activity links the tricarboxylic acid cycle directly to the electron-transport chain and seems to be the only enzyme catalysing the oxidation of Lmalate to oxaloacetate in this bacterium because the malate dehydrogenase was not detected [17] . The sequencing of the genome of several Pseudomonas species has revealed that several genes are annotated as mqo genes in a single strain. Taking into account that this enzyme is part of the tricarboxylic acid cycle, it is surprising the discrete information that can be found in the bibliography about the role of the isoenzymes or their relative expression. For example, the genome of Pseudomonas putida KT2440 has three genes annotated as coding for Mqo enzymes. One of the scarce examples of the role of Mqo isoenzymes is a proteomic study in this strain showing that the mqo-2 was significantly higher in the presence of Crc, a global translational regulator involved in catabolite repression of catabolic pathways for several non-preferred carbon sources in Pseudomonas, when other preferred substrates are present [18] . Another example is a study showing that a mutant in MqoB of Pseudomonas aeruginosa, which harbours in its genome two mqo paralogous genes, was unable to use ethanol or acetate as carbon source for growth [19] .
Probably because the carbon/nitrogen ratio is very low in the cyanide molecule and also because the oxidation number of the carbon atom is + 2 (equivalent to formic acid or carbon monoxide), P. pseudoalcaligenes CECT5344 requires an additional carbon source for assimilating cyanide as a nitrogen source [10] . Acetate has been traditionally used as a carbon source for growth, but the discovery that the Mqo activity produces oxaloacetate directly [17] opens the question of whether acetate is the ideal carbon source for cyanide assimilation. Figure 1 shows that the assimilation of cyanide by P. pseudoalcaligenes CECT5344 is much more effective with malate as the carbon source than with acetate. This original result can be interpreted at least in two ways. The easier one is to think that malate, a direct substrate of Mqo activity, directly provides oxaloacetate that reacts with cyanide, forming the corresponding cyanohydrins that can be assimilated by the bacterium [17] . The second is that acetate assimilation requires, in addition to the tricarboxylic acid cycle, the glyoxylate cycle and, in this context, Mqo activity does not meet the oxaloacetate necessities for cyanide assimilation. At the same time, the tricarboxylic acid cycle causes a loss of carbon as carbon dioxide. Therefore the flux through this cycle is subject to intensive investigation [20] .
Iron proteins and cyanide metabolism
Cyanide is highly toxic for most living organisms because it forms very stable complexes with transition metals that are essential for protein function [21] . The presence of cyanide in the environment causes an additional problem: the formation of extremely stable metal-cyanide complexes that make essential metals unavailable to the organisms. In addition to these considerations, the tricarboxylic acid cycle is heavily reliant upon iron. Aconitase and fumarase A require iron ([4Fe-4S]) in order to fulfil their biological function, and could be directly inactivated by cyanide or indirectly through the generation of ROS (reactive oxygen species) [12] .
Nevertheless, neither oxygenated water nor paraquat caused effect on the growth of P. pseudoalcaligenes CECT5344 in LB (Luria-Bertani) medium (Figure 2 ). In contrast, menadione and cyanide addition caused a severe delay in the growth curve (Figure 2 ). These results suggest that the oxidative stress produced by cyanide could be similar to the oxidative stress caused by the well-known free-radicalinducer menadione. Generation of oxidative stress is closely related to the carbon flux to the tricarboxylic acid cycle and the respiratory chain, which in addition is connected to Fur and iron proteins. The involvement of Fur in the regulation of tricarboxylic acid cycle has been established in Escherichia coli and Vibrio cholerae, whose fur mutants were unable to grow in defined media with succinate or fumarate as a carbon source [22] [23] [24] .
Fumarases and aconitases
Fumarase, or fumarate hydratase (EC 4.2.1.2), is a critical enzyme of the tricarboxylic acid cycle, where it catalyses the reversible hydration of fumarate to L-malate. In facultative anaerobes such as E. coli, fumarase is also involved in the reductive pathway from oxaloacetate to succinate during anaerobic growth [25] . There are two distinct classes of fumarases, classified according to subunit composition, thermal stability and metal requirements [26] . FumA and FumB are class I enzymes and are members of the irondependent hydrolases, which include aconitase and malate hydratase [26] . The Class I fumarases, encoded by the fumA and fumB genes, are homologous and encode products of identical sizes which form thermolabile dimers of M r 120 000 [26] . The active FumA contains a 4Fe-4S centre, and it can be inactivated upon oxidation to give a 3Fe-4S centre. However, FumA activity can be restored by anaerobic incubation with iron and thiol [26, 27] . The FumA protein is stable, whereas the FumB protein is unstable under aerobic conditions and functions only under anaerobic conditions [28] . The Class II fumarases, encoded by the fumC gene, are thermostable homotetramers with no requirement for cofactors and catalyse the same reaction, the interconversion of fumarate into L-malate [29] . The fumC gene does not show any homology with either the fumA or fumB genes, but it exhibits extensive homology with the fumarase sequences of Bacillus subtilis, Saccharomyces cerevisiae and mammals [30] [31] [32] . It also shows similarity with the aspartate gene, aspA, of E. coli [33] . These genes appear to belong to a family that encodes structurally related enzymes. FumC proteins are widely distributed in Nature, from prokaryotes to mammals [34] . Recently, a novel fumarase gene, fumF, has been isolated from a sequence-based screen of a plasmid metagenomic library from uncultivated marine micro-organisms [35] . The deduced amino acid sequence exhibited moderate similarity to a family of Class II fumarase proteins. In addition, the maximum activity for FumF protein occurred at pH 8.5 and 55
• C in 5 mM Mg 2 + , making this enzyme ideal for the industrial production of L-malate under higher temperature conditions [35] .
Aconitases (EC 4.2.1.3) are monomeric iron-sulfur proteins that catalyse the interconversion of citrate and isocitrate in the citric acid and glyoxylate cycles, and thus have an important role in the central metabolism of many organisms. E. coli possesses two distinct aconitases: AcnA and AcnB [36] . AcnB is the major citric acid cycle enzyme, synthesized during exponential growth, whereas AcnA is a stress-induced stationary-phase enzyme [37] . Higher organisms also possess two aconitase proteins, mitochondrial aconitase (m-Acn) and cytoplasmic aconitase [c-Acn, also designated IRP (iron-regulatory protein) 1]. The c-Acns/IRP1 of higher organisms (but not the mAcns), the E. coli aconitases (AcnA and AcnB) and the B. subtilis aconitase (CitB) are remarkable bifunctional proteins [38] . During periods of iron sufficiency, the bifunctional aconitases acquire enzymatic activity by assembling [4Fe-4S] clusters, but, during iron starvation or exposure to oxidative stress, these iron-sulfur clusters are disassembled, catalytic activity is lost, and the resulting apoproteins bind to specific mRNAs [38] . The mRNA sequences recognized by apoaconitases are known as IREs (iron-responsive elements), which are usually located in the UTRs (untranslated regions) of relevant transcripts. Depending on the location of the IRE (3 -or 5 -UTR), apo-aconitase binding causes either enhanced transcript stability or inhibition of translation [38] [39] [40] . Although both c-Acn/IRPs and bacterial aconitases recognize IRE sequences/structures, the binding affinities of the c-Acn/IRPs are much higher [41] than those of the bacterial aconitases [39] . This difference may be a consequence of the lack of compartmentation in bacteria and the high levels (5-10 μM) of aconitase proteins in the E. coli cytoplasm [39, 42] . Both E. coli aconitases are sensitive to conditions of oxidative stress, losing enzymatic activity as a result of iron-sulfur cluster disassembly [43] [44] [45] . Thus it has been suggested that inactivation of the bacterial aconitase enzymes could mediate a rapidly reacting posttranscriptional response to conditions of oxidative stress [40] . Furthermore, because the iron-sulfur cluster of AcnA appears to be more stable than that of AcnB [46, 47] , the response can be poised at two levels. It has been shown that the E. coli acnB and acnAB mutants are sensitive to hydrogen peroxide and Methyl Viologen [40] . Moreover, the level of superoxide dismutase (SodA), which is involved in detoxifying superoxide, is elevated in these mutants. The E. coli aconitase proteins are involved in the processes of sensing oxidative stress.
The sequencing of the genome of P. pseudoalcaligenes CECT5344 is in progress and it contains two genes annotated as coding for aconitase and two for fumarase enzymes. Since, as discussed above, the fumarase and aconitase gene expression could be possibly related to iron availability and oxidative stress and because cyanide causes, in the CECT5344 strain, symptoms related to iron deprivation and oxidative damage [12] , experiments are in progress to investigative the putative role of fumarase and aconitase isoenzymes in cyanide metabolism.
